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                \begin{document}$$\mathrm {t}\overline{\mathrm {t}}$$\end{document}$ production and decay properties \[[@CR1]--[@CR9]\] provide crucial information for testing the expectations of the standard model (SM) and specifically of calculations in the framework of perturbative quantum chromodynamics (QCD) at high-energy scales. At the energies of the CERN LHC, about half of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {t}\overline{\mathrm {t}}$$\end{document}$ system \[[@CR5]\]. In this paper, these jets will be referred to as "additional jets" and the events as "$\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {t}\overline{\mathrm {t}}$$\end{document}$ +jets". The additional jets typically arise from initial-state QCD radiation, and their study provides an essential test of the validity and completeness of higher-order QCD calculations describing the processes leading to multijet events.

A correct description of these events is also relevant because $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {t}\overline{\mathrm {t}}$$\end{document}$ +jets processes constitute important backgrounds in the searches for new physics. These processes also constitute a challenging background in the attempt to observe the production of a Higgs boson in association with a $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {\mathrm {t} \overline{\mathrm {t}} \mathrm {H}}$$\end{document}$), where the Higgs boson decays to a bottom ($\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {b} \overline{\mathrm {b}} $$\end{document}$), because of the much larger cross section compared to the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {b} \overline{\mathrm {b}} $$\end{document}$ pair from gluon splitting. Therefore, measurements of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {\mathrm {t} \overline{\mathrm {t}} \mathrm {b} \overline{\mathrm {b}}}$$\end{document}$ production can give important information about the main background in the search for the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {\mathrm {t} \overline{\mathrm {t}} \mathrm {H}}$$\end{document}$ process and provide a good test of next-to-leading-order (NLO) QCD calculations.

Here, we present a detailed study of the production of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {b}$$\end{document}$ quark jets in the final state from pp collisions at $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s} = 8\,\text {TeV} $$\end{document}$ using the data recorded in 2012 with the CMS detector, corresponding to an integrated luminosity of 19.7 $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {t}\overline{\mathrm {t}}$$\end{document}$ pairs are reconstructed in the dilepton decay channel with two oppositely charged isolated leptons (electrons or muons) and at least two jets. The analysis follows, to a large extent, the strategy used in the measurement of normalized $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {t}\overline{\mathrm {t}}$$\end{document}$ differential cross sections in the same decay channel described in Ref. \[[@CR8]\].

The measurements of the absolute and normalized differential $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ thresholds for the jets, in order to probe the momentum dependence of the hard-gluon emission. The results are presented in a visible phase space in which all selected final-state objects are produced within the detector acceptance and are thus measurable experimentally. The study extends the previous measurement at $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ . The CMS experiment has previously published a measurement of the inclusive $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {b}$$\end{document}$ jets, the cross section is also measured as a function of the angular distance between the two jets and their dijet invariant mass. The results are reported both in the visible phase space and extrapolated to the full phase space of the $\documentclass[12pt]{minimal}
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Finally, the fraction of events that do not contain additional jets (gap fraction) is determined as a function of the threshold on the leading and subleading additional-jet $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ . This was first measured in Refs. \[[@CR5], [@CR12]\].

The results are compared at particle level to theoretical predictions obtained with four different event generators: [MadGraph]{.smallcaps} \[[@CR13]\], [mc\@nlo]{.smallcaps} \[[@CR14]\], [powheg]{.smallcaps} \[[@CR15]\], and [MG5_aMC\@NLO]{.smallcaps} \[[@CR16]\], interfaced with either [pythia]{.smallcaps} \[[@CR17]\] or [herwig]{.smallcaps} \[[@CR18]\], and in the case of [powheg]{.smallcaps} with both. Additionally, the measurements as a function of the $\documentclass[12pt]{minimal}
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This paper is structured as follows. A brief description of the CMS detector is provided in Sect. [2](#Sec2){ref-type="sec"}. Details of the event simulation generators and their theoretical predictions are given in Sect. [3](#Sec3){ref-type="sec"}. The event selection and the method used to identify the additional radiation in the event for both $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {\mathrm {t} \overline{\mathrm {t}} \mathrm {b}}$$\end{document}$) studies are presented in Sects. [4](#Sec4){ref-type="sec"} and [5](#Sec5){ref-type="sec"}. The cross section measurement and the systematic uncertainties are described in Sects. [6](#Sec8){ref-type="sec"} and [7](#Sec13){ref-type="sec"}. The results as a function of the jet multiplicity and the kinematic properties of the additional jets and $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {b}$$\end{document}$ jets are presented in Sects. [8](#Sec14){ref-type="sec"}--[10](#Sec16){ref-type="sec"}. The definition of the gap fraction and the results are described in Sect. [11](#Sec17){ref-type="sec"}. Finally, a summary is given in Sect. [12](#Sec18){ref-type="sec"}.

The CMS detector {#Sec2}
================

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter, each composed of a barrel and two endcap sections. Extensive forward calorimetry complements the coverage provided by the barrel and endcap detectors. Muons are measured in gas-ionization detectors embedded in the steel flux-return yoke outside the solenoid. A more detailed description of the CMS detector, together with a definition of the coordinate system used and the relevant kinematic variables, can be found in Ref. \[[@CR10]\].

Event simulation and theoretical predictions {#Sec3}
============================================

Experimental effects coming from event reconstruction, selection criteria, and detector resolution are modelled using Monte Carlo (MC) event generators interfaced with a detailed simulation of the CMS detector response using [Geant4]{.smallcaps} (v. 9.4) \[[@CR20]\].

The [MadGraph]{.smallcaps} (v. 5.1.5.11) \[[@CR13]\] generator calculates the matrix elements at tree level up to a given order in $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\mathrm {t}} = 172.5\,\text {GeV} $$\end{document}$, and the proton structure is described by the CTEQ6L1 \[[@CR22]\] set of parton distribution functions (PDF). The generated events are subsequently processed with [pythia]{.smallcaps} (v. 6.426) \[[@CR17]\] for fragmentation and hadronization, using the MLM prescription for the matching of higher-multiplicity matrix element calculations with parton showers \[[@CR23]\]. The [pythia]{.smallcaps} parameters for the underlying event, parton shower, and hadronization are set according to the Z2\* tune, which is derived from the Z1 tune \[[@CR24]\]. The Z1 tune uses the CTEQ5L PDFs, whereas Z2\* adopts CTEQ6L.
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The [powheg]{.smallcaps} (v. 1.0 r1380) and [mc\@nlo]{.smallcaps} (v. 3.41) generators, along with the CT10 \[[@CR25]\] and CTEQ6M \[[@CR22]\] PDFs, are used, respectively, for comparisons with the data. The [powheg]{.smallcaps} generator simulates calculations of $\documentclass[12pt]{minimal}
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For comparison with the measured distributions, the events in the simulated samples are normalized to an integrated luminosity of $\documentclass[12pt]{minimal}
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A number of additional pp simulated hadronic interactions ("pileup") are added to each simulated event to reproduce the multiple interactions in each bunch crossing from the luminosity conditions in the real data taking. Correction factors for detector effects (described in Sects. [4](#Sec4){ref-type="sec"} and [6](#Sec8){ref-type="sec"}) are applied, when needed, to improve the description of the data by the simulation.

Event reconstruction and selection {#Sec4}
==================================

The event selection is based on the decay topology of the $\documentclass[12pt]{minimal}
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Events are reconstructed using a particle-flow (PF) algorithm, in which signals from all subdetectors are combined \[[@CR48], [@CR49]\]. Charged particles are required to originate from the primary collision vertex \[[@CR50]\], defined as the vertex with the highest sum of $\documentclass[12pt]{minimal}
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Muon candidates are reconstructed from tracks that can be linked between the silicon tracker and the muon system \[[@CR52]\]. The muons are required to have $\documentclass[12pt]{minimal}
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Identification of additional radiation in the event {#Sec5}
===================================================
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The multivariate approach uses a boosted decision tree (BDT) to distinguish the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {b}$$\end{document}$ jets stemming from the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {t}\overline{\mathrm {t}}$$\end{document}$ system from those arising from additional radiation for final states with more than two $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {b}$$\end{document}$ jets. This method is optimized for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {\mathrm {t} \overline{\mathrm {t}} \mathrm {b} \overline{\mathrm {b}}}$$\end{document}$ topologies in the dilepton final state of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {t}\overline{\mathrm {t}}$$\end{document}$ system. The BDT is set up using the TMVA package \[[@CR64]\]. To avoid any dependence on the kinematics of the additional jets, and especially on the invariant mass of the two additional jets, the method identifies the jets stemming from the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {t}\overline{\mathrm {t}}$$\end{document}$ system by making use of properties of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {t}\overline{\mathrm {t}}$$\end{document}$ system that are expected to be mostly insensitive to the additional radiation. The variables combine information from the two final-state leptons, the jets, and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$/\!\!\!\!E_{\mathrm {T}}$$\end{document}$. All possible pairs of reconstructed jets in an event are considered. For each pair, one jet is assigned to the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {b}$$\end{document}$ jet and the other to the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\overline{\mathrm {b}}$$\end{document}$ jet. This assignment is needed to define the variables used in the BDT and is based on the measurement of the charge of each jet, which is calculated from the charge and the momenta of the PF constituents used in the jet clustering. The jet in the pair with the largest charge is assigned to the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\overline{\mathrm {b}}$$\end{document}$, while the other jet is assigned to the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {b}$$\end{document}$. The efficiency of this jet charge pairing is defined as the fraction of events where the assigned $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {b}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\overline{\mathrm {b}}$$\end{document}$ are correctly matched to the corresponding generated b and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\overline{\mathrm {b}}$$\end{document}$ jets, and amounts to 68 %.

A total of twelve variables are included in the BDT. Some examples of the variables used are: the sum and difference of the invariant mass of the $\documentclass[12pt]{minimal}
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Systematic uncertainties {#Sec8}
========================

Different sources of systematic uncertainties are considered arising from detector effects, as well as theoretical uncertainties. Each systematic uncertainty is determined individually in each bin of the measurement by varying the corresponding efficiency, resolution, or model parameter within its uncertainty, in a similar way as in the CMS previous measurement of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {t}\overline{\mathrm {t}}$$\end{document}$ differential cross sections \[[@CR8]\]. For each variation, the measured differential cross section is recalculated and the difference with respect to the nominal result is taken as the systematic uncertainty. The overall uncertainty in the measurement is then derived by adding all contributions in quadrature, assuming the sources of systematic uncertainty to be fully uncorrelated.

Experimental uncertainties {#Sec9}
--------------------------

The experimental sources of systematic uncertainty considered are the jet energy scale (JES), jet energy resolution (JER), background normalization, lepton trigger and identification efficiencies, $\documentclass[12pt]{minimal}
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The experimental uncertainty from the JES is determined by varying the energy scale of the reconstructed jets as a function of their $\documentclass[12pt]{minimal}
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The uncertainty from the normalization of the backgrounds that are taken from simulation is determined by varying the cross section used to normalize the sample, see Sect. [3](#Sec3){ref-type="sec"}, by $\documentclass[12pt]{minimal}
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The trigger and lepton identification efficiencies in simulation are corrected by lepton $\documentclass[12pt]{minimal}
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The uncertainty in the integrated luminosity is 2.6 % \[[@CR67]\]. The effect of the uncertainty in the level of pileup is estimated by varying the inelastic pp cross section in simulation by $\documentclass[12pt]{minimal}
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The uncertainty coming from the kinematic reconstruction method is determined from the uncertainty in the correction factor applied to account for the small difference in efficiency between the simulation and data, defined as the ratio between the events with a solution and the total number of selected events.

### Specific systematic uncertainties associated with the $\documentclass[12pt]{minimal}
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Model uncertainties {#Sec11}
-------------------

The impact of theoretical assumptions on the measurement is determined by repeating the analysis, replacing the standard [MadGraph]{.smallcaps} signal simulation by alternative simulation samples. The uncertainty in the modelling of the hard-production process is assessed by varying the common renormalization and factorization scale in the [MadGraph]{.smallcaps} signal samples up and down by a factor of two with respect to its nominal value of the *Q* in the event (cf. Sect. [3](#Sec3){ref-type="sec"}). Furthermore, the effect of additional jet production in [MadGraph]{.smallcaps} is studied by varying up and down by a factor of two the threshold between jet production at the matrix element level and via parton showering. The uncertainties from ambiguities in modelling colour reconnection (CR) effects are estimated by comparing simulations of an underlying-event (UE) tune including colour reconnection to a tune without it (Perugia 2011 and Perugia 2011 noCR tunes, described in Ref. \[[@CR33]\]). The modelling of the UE is evaluated by comparing two different Perugia 11 (P11) [pythia]{.smallcaps} tunes, mpiHi and TeV, to the standard P11 tune. The dependency of the measurement on the top quark mass is obtained using dedicated samples in which the mass is varied by $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\pm }1\,\text {GeV} $$\end{document}$ with respect to the default value used in the simulation. The uncertainty from parton shower modelling is determined by comparing two samples simulated with [powheg]{.smallcaps} and [mc\@nlo]{.smallcaps}, using either [pythia]{.smallcaps} or [herwig]{.smallcaps} for the simulation of the parton shower, underlying event, and hadronization. The effect of the uncertainty in the PDFs on the measurement is assessed by reweighting the sample of simulated $\documentclass[12pt]{minimal}
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Since the total uncertainty in the $\documentclass[12pt]{minimal}
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Summary of the typical systematic uncertainties {#Sec12}
-----------------------------------------------

Typical values of the systematic uncertainties in the absolute differential cross sections are summarized in Table [1](#Tab1){ref-type="table"} for illustrative purposes. They are the median values of the distribution of uncertainties over all bins of the measured variables. Details on the impact of the different uncertainties in the results are given in Sects. [8](#Sec14){ref-type="sec"}--[11](#Sec17){ref-type="sec"}.
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==================================================================================================
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The normalized differential cross section is derived by dividing the absolute result, Eq. ([1](#Equ1){ref-type=""}), by the total cross section, obtained by integrating over all bins for each observable. Because of the normalization, the systematic uncertainties that are correlated across all bins of the measurement, e.g. the uncertainty in the integrated luminosity, cancel out.

Effects from the trigger and reconstruction efficiencies and resolutions, leading to migrations of events across bin boundaries and statistical correlations among neighbouring bins, are corrected using a regularized unfolding method \[[@CR8], [@CR68], [@CR69]\]. The response matrix $\documentclass[12pt]{minimal}
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                \begin{document}$$\chi ^2$$\end{document}$ technique. To avoid nonphysical fluctuations, a smoothing prescription (regularization) is applied. The regularization level is determined individually for each distribution using the averaged global correlation method \[[@CR70]\]. To keep the bin-to-bin migrations small, the width of bins in the measurements are chosen according to their purity and stability. The purity is the number of events generated and correctly reconstructed in a certain bin divided by the total number of reconstructed events in the same bin. The stability is the ratio of the number of events generated and reconstructed in a bin to the total number of events generated in that bin. The purity and stability of the bins are typically larger than 40--50 %, which ensures that the bin-to-bin migrations are small enough to perform the measurement. The performance of the unfolding procedure is tested for possible biases from the choice of the input model (the $\documentclass[12pt]{minimal}
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The differential cross section is reported at the particle level, where objects are defined as follows. Leptons from $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {t}\overline{\mathrm {t}}$$\end{document}$ differential cross section measured as a function of the jet multiplicity in the visible phase space and the results as a function of the kinematic variables of the additional jets in the event, measured in the visible and the full phase-space regions, are discussed. The absolute cross sections are presented as figures and compared to different predictions. The full results are given in tables in Appendix [B](#Sec20){ref-type="sec"}, along with the normalized differential cross sections measurements.
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In Fig. [7](#Fig7){ref-type="fig"}, the absolute differential $\documentclass[12pt]{minimal}
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                \begin{document}$$172.5\,\text {GeV} $$\end{document}$. The lower part of each figure shows the ratio of the predictions from simulation to the data. The light and dark bands in the ratio indicate the statistical and total uncertainties in the data for each bin, which reflect the uncertainties for a ratio of 1.0. All predictions are normalized to the measured cross section in the range shown in the histogram, which is evaluated by integrating over all bins for each observable. The results are summarized in Table [2](#Tab2){ref-type="table"}, together with the normalized cross sections. In general, the [MadGraph]{.smallcaps} generator interfaced with [pythia]{.smallcaps} 6, and [powheg]{.smallcaps} interfaced both with [herwig]{.smallcaps} 6 and [pythia]{.smallcaps} 6, provide reasonable descriptions of the data. The [mc\@nlo]{.smallcaps} generator interfaced with [herwig]{.smallcaps} 6 does not generate sufficiently large jet multiplicities, especially for the lowest jet $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ threshold. The sensitivity of [MadGraph]{.smallcaps} to scale variations is investigated through the comparison of different renormalization, factorization, and jet-parton matching scales with respect to the nominal [MadGraph]{.smallcaps} simulation. Variations in the jet-parton matching threshold do not yield large effects in the cross section, while the shape and normalization are more affected by the variations in the renormalization and factorization scales, which lead to a slightly worse description of the data up to high jet multiplicities, compared to their nominal values.Fig. 7Absolute differential $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {t}\overline{\mathrm {t}}$$\end{document}$ cross sections as a function of jet multiplicity for jets with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} >30\,\text {GeV} $$\end{document}$ (*top row*), 60$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\,\text {GeV}$$\end{document}$ (*middle row*), and 100$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\,\text {GeV}$$\end{document}$ (*bottom row*). In the figures on the *left*, the data are compared with predictions from [MadGraph]{.smallcaps} interfaced with [pythia]{.smallcaps} 6, [mc\@nlo]{.smallcaps} interfaced with [herwig]{.smallcaps} 6, and [powheg]{.smallcaps} with [pythia]{.smallcaps} 6 and [herwig]{.smallcaps} 6. The figures on the *right* show the behaviour of the [MadGraph]{.smallcaps} generator with varied renormalization, factorization, and jet-parton matching scales. The *inner* (*outer*) *vertical bars* indicate the statistical (total) uncertainties. The *lower part of each plot* shows the ratio of the predictions to the data

In Fig. [8](#Fig8){ref-type="fig"}, the results are compared to the predictions from [MadGraph]{.smallcaps} and [MG5_aMC\@NLO]{.smallcaps} interfaced with [pythia]{.smallcaps} 8, and the [powheg]{.smallcaps} generator with the [hdamp]{.smallcaps} parameter set to $\documentclass[12pt]{minimal}
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                \begin{document}$$_{\text {damp}}=m_{\mathrm {t}}$$\end{document}$) in the legend), interfaced with [pythia]{.smallcaps} 6, [pythia]{.smallcaps} 8, and [herwig]{.smallcaps} 6. The [MadGraph]{.smallcaps} and [MG5_aMC\@NLO]{.smallcaps} simulations interfaced with [pythia]{.smallcaps} 8 predict larger jet multiplicities than measured in the data for all the considered $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ thresholds. In general, no large deviations between data and the different [powheg]{.smallcaps} predictions are observed.Fig. 8Absolute differential $\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {GeV}$$\end{document}$ (*bottom row*). In the figures on the *left*, the data are compared with predictions from [MadGraph]{.smallcaps} interfaced with [pythia]{.smallcaps} 6 and [pythia]{.smallcaps} 8, and [MG5_aMC\@NLO]{.smallcaps} interfaced with [pythia]{.smallcaps} 8. The figures on the *right* show the behaviour of the [powheg]{.smallcaps} generator without and with [hdamp]{.smallcaps} set to $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\mathrm {t}}$$\end{document}$, matched with different versions and tunes of [pythia]{.smallcaps} and [herwig]{.smallcaps} 6. The *inner* (*outer*) *vertical bars* indicate the statistical (total) uncertainties. The *lower part of each plot* shows the ratio of the predictions to the data

The total systematic uncertainty in the absolute differential cross section ranges between 6 to 30 %, while for the normalized cross section it varies from 2 % up to 20 % for the bins corresponding to the highest number of jets. In both cases, the dominant experimental systematic uncertainty arises from the JES, having a maximum value of 16 % for the absolute cross section bin with at least six jets and $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}} > 30\,\text {GeV} $$\end{document}$. Typical systematic uncertainty values range between 0.5 and 8 %, while the uncertainty in the normalized cross section is 0.5--4 %. Regarding the modelling uncertainties, the most relevant ones are the uncertainty in the renormalization and factorization scales and the parton shower modelling, up to 6 and 10 %, respectively. The uncertainties from the assumed top quark mass used in the simulation and the jet-parton matching threshold amount to 1--2 %. Other modelling uncertainties such as PDF, CR, and UE have slightly smaller impact. These uncertainties cancel to a large extent in the normalized results, with typical contributions below 0.5 %. The total contribution from the integrated luminosity, lepton identification, and trigger efficiency, which only affect the normalization, is 3.5 %. This contribution is below 0.1 % for every bin in the normalized results. The uncertainty from the estimate of the background contribution is around 2 % for the absolute cross sections and typically below 0.5 % for the normalized results.
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The absolute and normalized differential cross sections are measured as a function of the kinematic variables of the additional jets in the visible phase space defined in Sect. [7](#Sec13){ref-type="sec"}. The results are compared to predictions from four different generators: [powheg]{.smallcaps} interfaced with [pythia]{.smallcaps} 6 and [herwig]{.smallcaps} 6, [mc\@nlo]{.smallcaps} +[herwig]{.smallcaps} 6, and [MadGraph]{.smallcaps} +[pythia]{.smallcaps} 6 with varied renormalization, factorization, and jet-parton matching scales. All predictions are normalized to the measured cross section over the range of the observable shown in the histogram in the corresponding figures.
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$H_{\mathrm {T}} $$\end{document}$, and up to 40 % for the subleading additional jet $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}}$$\end{document}$, while the systematic uncertainties in the normalized cross sections for the bins with the larger number of events are about 3--4 %. The dominant sources of systematic uncertainties arise in both cases from model uncertainties, in particular the renormalization and factorization scales, and the parton shower modelling (up to 10 % for the absolute cross sections), and JES (3--6 % for the absolute cross sections). The typical contribution of other uncertainties such as the assumed top quark mass in the simulation, background contribution, etc., amounts to 1--3 % and 0.5--1.5 %, for the absolute and normalized cross sections, respectively.

In general, the simulation predictions describe the behaviour of the data for the leading additional jet momenta and $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ spectrum for the leading jet. The [mc\@nlo]{.smallcaps} +[herwig]{.smallcaps} 6 prediction yields the largest discrepancies. The varied [MadGraph]{.smallcaps} samples provide similar descriptions of the shape of the data, except for [MadGraph]{.smallcaps} with the lower $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |$$\end{document}$ are presented in Fig. [10](#Fig10){ref-type="fig"}. The typical total systematic uncertainties in the absolute cross sections vary from 6.5--19 % for the leading additional jet and about 11--20 % for the subleading one. The uncertainty in the normalized cross section ranges from 1.5--9 % and 5--14 %, respectively. The shape of the $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |$$\end{document}$ distribution is well modelled by [mc\@nlo]{.smallcaps} +[herwig]{.smallcaps} 6. The distributions from [MadGraph]{.smallcaps} and [powheg]{.smallcaps} yield a similar description of the data, being slightly more central than [mc\@nlo]{.smallcaps} . Variations of the [MadGraph]{.smallcaps} parameters have little impact on these distributions.

The differential cross section is also measured as a function of the dijet angular separation $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\mathrm {jj}}$$\end{document}$ for the leading and subleading additional jets (Fig. [11](#Fig11){ref-type="fig"}). In general, all simulations provide a reasonable description of the distributions for both variables. All results are reported in Tables [3](#Tab3){ref-type="table"}, [4](#Tab4){ref-type="table"} and [5](#Tab5){ref-type="table"} in Appendix [B](#Sec20){ref-type="sec"}. Representative examples of the migration matrices are presented in Fig. [24](#Fig24){ref-type="fig"} in Appendix [C](#Sec21){ref-type="sec"}.Fig. 9Absolute differential $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {t}\overline{\mathrm {t}}$$\end{document}$ system and the additional jets. Data are compared to predictions from [MadGraph]{.smallcaps} +[pythia]{.smallcaps} 6, [powheg]{.smallcaps} +[pythia]{.smallcaps} 6, [powheg]{.smallcaps} +[herwig]{.smallcaps} 6, and [mc\@nlo]{.smallcaps} +[herwig]{.smallcaps} 6 (*left*) and to [MadGraph]{.smallcaps} with varied renormalization, factorization, and jet-parton matching scales (*right*). The *inner* (*outer*) *vertical bars* indicate the statistical (total) uncertainties. The *lower part of each plot* shows the ratio of the predictions to the data Fig. 10Absolute differential $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |$$\end{document}$ of the leading additional jet (*top*) and the subleading additional jet (*bottom*) in the visible phase space of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {t}\overline{\mathrm {t}}$$\end{document}$ system and the additional jets. Data are compared to predictions from [MadGraph]{.smallcaps} +[pythia]{.smallcaps} 6, [powheg]{.smallcaps} +[pythia]{.smallcaps} 6, [powheg]{.smallcaps} +[herwig]{.smallcaps} 6, and [mc\@nlo]{.smallcaps} +[herwig]{.smallcaps} 6 (*left*) and to [MadGraph]{.smallcaps} with varied renormalization, factorization, and jet-parton matching scales (*right*). The *inner* (*outer*) *vertical bars* indicate the statistical (total) uncertainties. The *lower part of each plot* shows the ratio of the predictions to the data Fig. 11Absolute differential $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\mathrm {jj}}$$\end{document}$ (*bottom*). Data are compared to predictions from [MadGraph]{.smallcaps} +[pythia]{.smallcaps} 6, [powheg]{.smallcaps} +[pythia]{.smallcaps} 6, [powheg]{.smallcaps} +[herwig]{.smallcaps} 6, and [mc\@nlo]{.smallcaps} +[herwig]{.smallcaps} 6 (*left*) and to [MadGraph]{.smallcaps} with varied renormalization, factorization, and jet-parton matching scales (*right*). The *inner* (*outer*) *vertical bars* indicate the statistical (total) uncertainties. The *lower part of each plot* shows the ratio of the predictions to the data

The absolute and normalized differential cross sections are also measured as a function of the kinematic variables of the additional jets and $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {t}\overline{\mathrm {t}}$$\end{document}$ system to facilitate comparison with theoretical calculations. In this case, the phase space is defined only by the kinematic requirements on the additional jets.

Figures [12](#Fig12){ref-type="fig"} and [13](#Fig13){ref-type="fig"} show the absolute cross sections as a function of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta |$$\end{document}$ of the leading and subleading additional jets and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$H_{\mathrm {T}} $$\end{document}$, while the results as a function of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varDelta R_{\mathrm {jj}}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\mathrm {jj}}$$\end{document}$ are presented in Fig. [14](#Fig14){ref-type="fig"}.

The total uncertainties range between 8--12 % for the leading jet $\documentclass[12pt]{minimal}
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Differences between the kinematic properties of the additional jets and b jets are expected owing to the different production mechanisms \[[@CR71]\] of both processes. The dominant production mechanism of $\documentclass[12pt]{minimal}
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Additional jet gap fraction {#Sec17}
===========================

An alternative way to investigate the jet activity arising from quark and gluon radiation is to determine the fraction of events that do not contain additional jets above a given $\documentclass[12pt]{minimal}
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A modified gap fraction can be defined as:$$\documentclass[12pt]{minimal}
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The measured gap fraction distributions are compared to predictions from [MadGraph]{.smallcaps} interfaced with [pythia]{.smallcaps} 6, [powheg]{.smallcaps} 6 interfaced with [pythia]{.smallcaps} 6 and [herwig]{.smallcaps} 6, [mc\@nlo]{.smallcaps} interfaced with [herwig]{.smallcaps} 6, and to the [MadGraph]{.smallcaps} predictions with varied renormalization, factorization, and jet-parton matching scales. Figure [19](#Fig19){ref-type="fig"} displays the gap fraction distribution as a function of the $\documentclass[12pt]{minimal}
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The results are also compared in Fig. [20](#Fig20){ref-type="fig"} with the recently available simulations, described in Sect. [3](#Sec3){ref-type="sec"}, matched to different versions of the parton showering models. The [MadGraph]{.smallcaps} and [MG5_aMC\@NLO]{.smallcaps} generators interfaced with [pythia]{.smallcaps} 8 predict up to 10 % lower values of the gap fraction for all the variables, which reflects the fact that those simulations generate larger jet multiplicities, as discussed in Sect. [8](#Sec14){ref-type="sec"}. Within the uncertainties, the predictions of the [powheg]{.smallcaps} +[pythia]{.smallcaps} 8 simulation agree well with data, while the [powheg]{.smallcaps} generator (with $\documentclass[12pt]{minimal}
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                \begin{document}$$H_{\mathrm {T}} $$\end{document}$ (*bottom row*). Data are compared to predictions from [MadGraph]{.smallcaps}, interfaced with [pythia]{.smallcaps} 6 and [pythia]{.smallcaps} 8, and [MG5_aMC\@NLO]{.smallcaps} interfaced with [herwig]{.smallcaps} 6 (*left*), and to [powheg]{.smallcaps} interfaced with different versions of [pythia]{.smallcaps} and [herwig]{.smallcaps} 6 (*right*). For each bin the threshold is defined at the value where the data point is placed. The *vertical bars* on the data points indicate the statistical uncertainty. The *shaded band* corresponds to the statistical and the total systematic uncertainty added in quadrature. The *lower part of each plot* shows the ratio of the predictions to the data
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                \begin{document}$$\eta $$\end{document}$ regions. Data are compared to predictions from [MadGraph]{.smallcaps}, [powheg]{.smallcaps} interfaced with [pythia]{.smallcaps} 6 and [herwig]{.smallcaps} 6, and [mc\@nlo]{.smallcaps} interfaced with [herwig]{.smallcaps} 6 (*left*) and to [MadGraph]{.smallcaps} with varied renormalization, factorization, and jet-parton matching scales (*right*). For each bin the threshold is defined at the value where the data point is placed. The *vertical bars* on the data points indicate the statistical uncertainty. The *shaded band* corresponds to the statistical uncertainty and the total systematic uncertainty added in quadrature. The *lower part of each plot* shows the ratio of the predictions to the data Fig. 22Measured gap fraction as a function of the subleading additional jet $\documentclass[12pt]{minimal}
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The total systematic uncertainty in the gap fraction distributions is about 5 % for low values of the threshold ($\documentclass[12pt]{minimal}
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Summary {#Sec18}
=======

Measurements of the absolute and normalized differential top quark pair production cross sections have been presented using pp collisions at a centre-of-mass energy of 8$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\,\text {TeV}$$\end{document}$, corresponding to an integrated luminosity of 19.7$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\,\text {fb}^\text {-1}$$\end{document}$, in the dilepton decay channel as a function of the number of jets in the event, for three different jet $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ thresholds, and as a function of the kinematic variables of the leading and subleading additional jets. The results have been compared to the predictions from [MadGraph]{.smallcaps} interfaced with [pythia]{.smallcaps} 6, [powheg]{.smallcaps} interfaced with both [pythia]{.smallcaps} 6 and [herwig]{.smallcaps} 6, [mc\@nlo]{.smallcaps} interfaced with [herwig]{.smallcaps} 6, and [MadGraph]{.smallcaps} samples with varied renormalization, factorization, and jet-parton matching scales. In general, all these generators are found to give a reasonable description of the data.

The [MadGraph]{.smallcaps} and [powheg]{.smallcaps} generators interfaced with [pythia]{.smallcaps} 6 describe the data well for all measured jet multiplicities; while [mc\@nlo]{.smallcaps} interfaced with [herwig]{.smallcaps} 6 generates lower multiplicities than observed for the lower-$\documentclass[12pt]{minimal}
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These results are also compared to the predictions from [powheg]{.smallcaps} with the [hdamp]{.smallcaps} parameter set to the top quark mass interfaced with [pythia]{.smallcaps} 6, [pythia]{.smallcaps} 8, and [herwig]{.smallcaps} 6, which provide a reasonable description of the data within the uncertainties, and the predictions from [MadGraph]{.smallcaps} and [MG5_aMC\@NLO]{.smallcaps} interfaced with [pythia]{.smallcaps} 8, which generate higher jet multiplicities for all the $\documentclass[12pt]{minimal}
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The measured kinematic variables of the leading and subleading additional jets are consistent with the various predictions. The simulations also describe well the data distributions of the leading additional jet $\documentclass[12pt]{minimal}
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The uncertainties in the measured $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {\mathrm {t} \overline{\mathrm {t}} \mathrm {b} \overline{\mathrm {b}}}$$\end{document}$ cross section by approximately a factor of 2, in agreement with previous measurements \[[@CR11]\]. The calculation by [PowHel]{.smallcaps} \[[@CR19]\] describes well the shape of the distributions, while the predicted absolute cross section is about 30 % lower, but compatible with the measurements within the uncertainties.

The gap fraction has been measured as a function of the $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ of the leading additional jet, showing that the measurement is probing multiple quark and gluon emission. Within the uncertainties, all predictions describe the gap fraction well as a function of the momentum of the first additional jet, while [mc\@nlo]{.smallcaps} interfaced with [herwig]{.smallcaps} fails to describe the gap fraction as a function of the subleading additional jet $\documentclass[12pt]{minimal}
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In general, the different measurements presented are in agreement with the SM predictions as formulated by the various event generators, within their uncertainties. The correct description of $\documentclass[12pt]{minimal}
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BDT variables {#Sec19}
=============

The variables used for the BDT are listed below. The candidate $\documentclass[12pt]{minimal}
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One variable is the difference in the jet charges, $\documentclass[12pt]{minimal}
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There are three angular variables:$\documentclass[12pt]{minimal}
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